The integration sites for viral DNA in cells infected with Moloney murine leukemia virus (M-MuLV) were studied by restriction endonuclease cleavage of cellular DNA followed by electrophoresis in agarose gels, blot transfer to nitrocellulose, and detection of M-MuLV-related sequences by hybridization with high-specific-activity 3P-labeled M-MuLV complementary DNA. When EcoRI was used to cleave cellular DNA, numerous DNA fragments with sequence homology to M-MuLV were detected in uninfected mouse cell DNA. These endogenous sequences are mouse specific since they are not detectable in rat cell DNA, and are related to the 38S genomic RNA of M-MuLV. Infected cells contain additional M-MuLV-specific DNA fragments which are not detected in uninfected cells. Different patterns of M-MuLV-specific DNA fragments were detected in each cloned infected line examined. These data suggest the existence of multiple sites for integration of M-MuLV DNA in infected mouse fibroblasts. Moloney murine leukemia virus (M-MuLV), as well as other murine and avian retroviruses, establishes a permanent association with its infected cell host in which viral DNA is stably integrated into the host chromosomal DNA. Little, however, is known about the nature or possible specificity of this integration event. Khoury and Hanafusa (17) have suggested a limited number of sites for the integration of the viral DNA of avian oncornaviruses (RAV-2) into infected chicken cell DNA. This suggestion was based on the permanent acquisition of a limited number of stably integrated proviral DNA copies despite widely differing multiplicities of infection and the transient presence of large numbers of unintegrated viral DNA molecules shortly after infection. We (7) have observed a similar acquisition of0.5 to 4 copies of M-MuLVspecific viral DNA per diploid cell equivalent after infection of mouse fibroblasts with MMuLV. Studies of MuLV-induced leukemogenesis in both AKR (3) and BALB/Mo (14) mice have revealed an increase in the number of integrated copies of AKR or M-MuLV viral DNA which occurs only in tumor tissue. This amplification appears to reach a finite limit at eight copies per diploid cell DNA equivalent for AKR, and four copies per diploid cell equivalent for M-MuLV.
The integration sites for viral DNA in cells infected with Moloney murine leukemia virus (M-MuLV) were studied by restriction endonuclease cleavage of cellular DNA followed by electrophoresis in agarose gels, blot transfer to nitrocellulose, and detection of M-MuLV-related sequences by hybridization with high-specific-activity 3P-labeled M-MuLV complementary DNA. When EcoRI was used to cleave cellular DNA, numerous DNA fragments with sequence homology to M-MuLV were detected in uninfected mouse cell DNA. These endogenous sequences are mouse specific since they are not detectable in rat cell DNA, and are related to the 38S genomic RNA of M-MuLV. Infected cells contain additional M-MuLV-specific DNA fragments which are not detected in uninfected cells. Different patterns of M-MuLV-specific DNA fragments were detected in each cloned infected line examined. These data suggest the existence of multiple sites for integration of Moloney murine leukemia virus (M-MuLV), as well as other murine and avian retroviruses, establishes a permanent association with its infected cell host in which viral DNA is stably integrated into the host chromosomal DNA. Little, however, is known about the nature or possible specificity of this integration event. Khoury and Hanafusa (17) have suggested a limited number of sites for the integration of the viral DNA of avian oncornaviruses (RAV-2) into infected chicken cell DNA. This suggestion was based on the permanent acquisition of a limited number of stably integrated proviral DNA copies despite widely differing multiplicities of infection and the transient presence of large numbers of unintegrated viral DNA molecules shortly after infection. We (7) have observed a similar acquisition of0.5 to 4 copies of M-MuLVspecific viral DNA per diploid cell equivalent after infection of mouse fibroblasts with MMuLV. Studies of MuLV-induced leukemogenesis in both AKR (3) and BALB/Mo (14) mice have revealed an increase in the number of integrated copies of AKR or M-MuLV viral DNA which occurs only in tumor tissue. This amplification appears to reach a finite limit at eight copies per diploid cell DNA equivalent for AKR, and four copies per diploid cell equivalent for M-MuLV.
In contrast to this indirect evidence suggesting a limited number of integration sites for retrovirus DNA in host cel DNA, direct examination of the configuration of integrated viral DNA sequences by restriction endonuclease cleavage has revealed a variety of integrated viral DNA structures, suggesting multiple sites for integration. In the case of reticuloendotheliosis virus DNA integration into chicken DNA studied by Temin and his colleagues, EcoRI fragments containing both viral DNA sequences, recognized by nucleic acid hybridization, and infectious DNA fragments, recognized by transfection studies, have been studied. In acutely infected cells, many different-sized EcoRI (8) , other M-MuLV-infected clones (7), and G clones carrying an endogenous M-MuLV as well as the uninfected related clones (2) were previously described.
Isolation of high-molecular-weight nuclear DNA. Cells were removed from the culture dishes by treatment with EDTA and collected by centrifugation at 1,250 x g in a refrigerated centrifuge. Cells were suspended in Tris-buffered saline, pelleted as before, and suspended in lysing buffer (0.15 M NaCl, 0.01 M Tris [pH 7.4], 0.01 M MgCl2). Nonidet P-40 (Shell) was added to a final concentration of 0.5%, the cell suspension was vigouously blended in a Vortex mixer for 30 s, and nuclei were pelleted by centrifugation for 3 min at 1,250 x g at 4°C. The supernatant cytoplasmic lysate was removed, and the nuclear pellet was suspended in 20 volumes of saline EDTA (0.75 M NaCl-0.25 M EDTA) by gentle pipetting. Sodium dodecyl sulfate (SDS) was added to a final concentration of 1%, and pronase (CalBiochem, B grade, predigested for 1 h at 37°C) was added to a final concentration of 100 to 200 ,Ig/ml. The viscous nuclear lysate was incubated for 2 to 4 h at 37°C, extracted twice with an equal volume of water-saturated phenol (redistilled, pH adjusted to 7.6 to 8.0) and twice with an equal volume of chloroform containing 1% isoamyl alcohol. The aqueous layer was transferred to a clean beaker, two volumes of cold 95% ethanol was added, and the DNA was wound out. DNA was dissolved in 0.01 M Tris-0.001 M EDTA (pH 7.4)-pancreatic RNase added to a final concentration of 25 jig/ml, and the DNA was incubated for 30 min at 37°C. The solution was adjusted to 1% SDS, 0.15 M NaCl, and 50,ug of predigested pronase per ml, and incubated for an additional 30 min. The DNA was phenol extracted and chloroform extracted as before and dialyzed into 0.01 M Tris (pH 7.4).
Isolation of unintegrated proviral DNA. Subconfluent or confluent plates of 3T6 cells were treated for 1 h at 37°C with 20 jig of polybrene (Aldrich Chemical Co., Inc.) per ml in Tris-buffered saline. The polybrene was removed, and the cell monolayer was infected with M-MuLV clone 1 (8) . For these infections, the source of the M-MuLV was membrane-filtered (Millipore Corp.) culture medium freshly collected from exponentially growing tissue culture dishes or roller bottles of M-MuLV clone 1 cells (typically 1 x 106 to 3 x 106 XC PFU/ml). After 20 h of incubation of culture at 37°C, the infected cells were removed from the plates by trypsinization at 4°C, washed once in cold Tris-buffered saline, and divided into nuclear and cytoplasmic fractions as described for DNA isolation. The cytoplasmic fraction was phenol and chloroform extracted as previously described (1), as were the low-molecular-weight nucleic acids from the supernatant of a Hirt extract of the nuclear fraction (12 (5) . Gels were soaked for at least 45 min in 0.2 M NaOH-0.6 M NaCl, rinsed in distilled water, and soaked at least 45 min in 0.5 M Tris (pH 7.4)-0.6 M NaCl, and the DNA blot was transferred to Schleicher and Schuell BA85 nitrocellulose filter paper as described by Southern (18) , using 1OX SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Nitrocellulose filters were rinsed in 2x SSC, the excess solution was removed by blotting with paper towels, and the filters were dried under a heat lamp. Dried filters were baked for 4 h at 80°C in a vacuum oven.
Hybridization. Hybridizations were carried out in a buffer containing 6x SSC, lx Denhardt's solution (5), 0.01 M N-tris(hydroxymethyl)methyl-2-aminomethane-sulfonic acid buffer (pH 7.5), 0.1% SDS, 0.005 M EDTA, and 50,ig of yeast soluble RNA per ml at 68°C for 16 to 24 h. Filters were preincubated for 2 h at 68°C in this buffer without yeast RNA, then sealed in individual "Dazey" boilable cooking pouches, with 10 ml of hybridization buffer containing 1 x 106 to 2 x 106 cpm of 3 P-labeled cDNA per ml. After hybridization, filters (typically three to five filters handled at once) were rinsed in a large volume of lx SSC at room temperature and then with 500 to 1,000 ml of lx SSC at 68°C for 2 h, three times. Filters were then dried under a heat lamp, and autoradiography was performed using preflashed Kodak XR5 film with a tunstenate-intensifying screen (Kodak-Regular and Dupont-Lightning Plus) at -70°C for 4 to 15 days.
VOL. 30, 1979 RESULTS Restriction enzyme cleavage of unintegrated M-MuLV DNA molecules. To facilitate the interpretation of experiments which determined the pattern of cellular DNA fragments with sequence homology to M-MuLV, a population of unintegrated M-MuLV viral DNA molecules was first analyzed by restriction endonuclease cleavage. Mouse 3T6 cells were infected for 20 h with clone 1 M-MuLV, and total nucleic acids were purified from the cytoplasm and from the low-molecular-weight supernatant of a Hirt extract of the nuclear fraction. Aliquots of each fraction were digested with restriction endonuclease and separated by electrophoresis in 0.6% agarose gels. After electrophoresis, the DNA fragments were blot transferred to nitroceilulose filters, and those DNA molecules with sequence homology to M-MuLV were detected by hybridization with 32P-labeled M-MuLV cDNA. One major virus-specific DNA species, with an apparent molecular weight of 5.8 x 106, was detected in the cytoplasm of recently infected cells ( Fig. 1 , track A), and presumably represents the double-stranded linear viral DNA described by Gianni et al. for M-MuLV-infected cells (11) . At least five species of M-MuLV DNA molecules were detected in the nuclear fraction ( Fig. 1 , track A). One species comigrated with the cytoplasmic viral DNA molecule. Two rapidly migrating nuclear molecules (which can be purified by centrifugation through CsCl-ethidium bromide gradients, data not shown) presumably represent the two superhelical closed circular M-MuLV-specific DNA molecules identified in infected cells by Yoshimura and Weinberg (22) , whereas the two slowly migrating molecules correspond to the relaxed circular forms. Treatment of these viral DNA preparations with EcoRI endonuclease failed to alter the migration of any of the M-MuLV DNA molecules, even the circular forms found in the nuclei. Thus, EcoRI endonuclease does not cleave M-MuLV viral DNA, as reported previously by Gianni et al. (10) 10 copies per haploid genome) related to 50% of the M-MuLV genome had been detected in the DNA of many mouse strains (4, 13-15). To identify M-MuLV-specific DNA fragments which contain integrated M-MuLV sequences, as a result of infection, the criterion was applied that the M-MuLV-specific DNA fragment should be present in DNA from infected cells and absent from the uninfected parent cell line. (18) . Since our M-MuLV cDNA probe failed to detect related sequences in rat DNA, this argues against the presence of cellular RNA banscripts in the M-MuLV cDNA being responsible for the multiplicity of M-MuLV-related DNA fragments detected in uninfected mouse cell DNA.
A third test for specificity demonstrated that the vast majority of M-MuLV cDNA hybridization to infected and uninfected cell DNA can be prevented by the addition of purified MMuLV RNA (Fig. 4) . Figure 4, Mappin studies by Verma and McKennett (21) and Yosbimnura and Weinberg (22) have identified the order of these fragments as 5'-A, B, 0-3' Thus, the 1.9 x 106-molecular weight B fragment is an internal fragment, flanked on both sides by viral DNA sequences. ably reflect the distribution of restriction enzyme cutting sites in and around M-MuLV-related sequences in the mouse genome. Reproducible differences in the intensity of these "background" bands suggests that some MMuLV-related DNA fragments may be released in multiple copies from the cellular DNA upon endonuclease digestion. Minor differences in band patterns have been observed between uninfected cell lines derived from BALB/c and NIH Swiss mice, but the majority of M-MuLVrelated DNA fragments are of similar sizes in the two strains.
The presence of a large number of M-MuLVrelated DNA fragments in restriction endonuclease-cleaved uninfected cell DNA has complicated the detection of integrated M-MuLV sequences in infected cell DNA. The criterion we have adopted to identify M-MuLV DNA fragments which arise as a result of integration of exogenously infecting virus is that the M-MuLVspecific band must be present in infected cell DNA and absent in the uninfected parent line. require that M-MuLV integration be totally random with respect to host cell DNA sequences. The smallest M-MuLV EcoRI fragment we have identified, the 8 x 106-molecular weight fragment of SVT2 D2-C, is still several million daltons larger than M-MuLV viral DNA itself. As yet, nothing is known about the host cell DNA sequences immediately adjacent to integrated M-MuLV DNA, and it is possible that a small specific sequence is recognized during integration. If so, such a sequence would presumably be present in multiple places in the genome, in order to generate the many large EcoRI fragments we have identified.
It should be noted that in most cases we cannot be certain that the integrated M-MuLV we have identified is functional, i.e., is the particular M-MuLV-specific DNA array actively transcribed in infected cells to generate infectious virus particles. Estimates of the number of copies of M-MuLV-specific DNA, based on nucleic acid reassociation kinetics, have been made for some of the cell lines studied in this paper (7) . From these studies, M-MuLV clone 4A was estimated to contain two copies of M-MuLVspecific DNA per cell, whereas we have detected only a single 16 .5 x 106-molecular weight MMuLV-specific EcoRI fragment. Similarly, clone E7 cells are estimated to contain eight copies, whereas we could detect only a single new MMuLV DNA fragment. Thus, it is possible that other as-yet-undetected M-MuLV DNA fragments exist in these cell lines, and that they are in fact the source of infectious M-MuLV.
One cell line in which we are most confident of having identified all M-MuLV-related DNA sequences is the G cell line. The mice from which these cells were derived have been shown to contain only one genetic locus which transmits the M-MuLV genome, and nucleic acid hybridization kinetic measurements indicate that this locus contains only one copy of M-MuLV DNA.
It is thus likely that the 16.5 x 106-molecular weight M-MuLV-specific DNA fragment detected in the G cells (Fig. 7) 
